Rotationally resolved pulsed field ionization photoelectron study of CO + (X 2 Σ + ,v + =0-42) in the energy range of 13.98-21.92 eV J. Chem. Phys. 111, 8879 (1999); 10.1063/1.480259 A high-resolution vacuum ultraviolet photoionization, photoelectron, and pulsed field ionization study of CS2 near the CS 2 + (X 2Π3/2,1/2) thresholds J. Chem. Phys. 106, 864 (1997) Valence band photoionization of CO 2 has been studied by photoelectron spectroscopy using a velocity map imaging spectrometer and synchrotron radiation. The measured data allow retrieving electronic and vibrational branching ratios, vibrationally resolved asymmetry parameters, and the total electron yield which includes multiple strong resonances. Additionally, the spectrum of low kinetic energy electrons has been studied in the resonant region, and the evolution with photon energy of one of the forbidden transitions present in the slow photoelectrons spectrum has been carefully analyzed, indicating that in the presence of auto-ionizing resonances the vibrational populations of the ion are significantly redistributed.
I. INTRODUCTION
The application of spectroscopic methods using absorption, emission, and scattering of light is one of the most powerful ways to access information about molecular structure and dynamics. Additionally, photoelectron spectroscopy (PES) has been widely employed to understand, among other things, the dynamics of photoionization in molecules, including the decay of super-excited states by auto-ionization. Carbon dioxide (CO 2 ) has been one of the most widely studied molecules, due to its importance in biology and in the terrestrial atmosphere, and consequently its impact on the planet's climate. Selected examples may be found in Refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
The advent of new laser technology capable of generating attosecond laser pulses (1 as = 10 −18 s) in the extreme ultraviolet (XUV) part of the electromagnetic spectrum, has enabled the observation and control of electronic processes with attosecond time resolution. 11 Consequently, spectroscopic knowledge on XUV-induced molecular processes has acquired a new relevance. For example, the population of electronic and vibrational states of both the molecular ion and super-excited states of the neutral molecule following excitation by XUV light is essential for the analysis of pump-probe experiments that are currently being performed, where molecular excitation by an attosecond XUV pulse is followed on ultra-short timescales by a probe pulse that allows observing the molecular dynamics that results from the XUV excitation. 12, 13 Additionally, the values of cross sections, electronic and vibrational branching ratios and asymmetry parameters allow the validation of advanced computer codes that support the interpretation of attosecond pump-probe experiments as well as related strong field ionization and high-harmonic imaging experiments. 14, 15 In these experiments, both coupling of the electronic and nuclear degrees of freedom and multi-electron correlations cannot be neglected and in most cases are of fundamental importance for the understanding of the experimental results.
A large number of experimental approaches have already been applied to study XUV-induced photoionization. Here, we focus on the potential of Velocity Map Imaging (VMI) spectrometry, 16 which in combination with a source of tunable photon energy, such as a synchrotron, offers the possibility of recovering most of the information offered by other techniques, in a single, simple experiment. The unit collection efficiency and high resolution of VMI at low electron or ion kinetic energy, as well as its inherent capability to obtain angular information, make VMI a very suitable technique to study XUV-induced photoionization. 17, 18 In this paper, we report experiments on XUV photoionization of CO 2 carried out at the BESSY II synchrotron facility at the Helmholtz Zentrum Berlin (HZB). Detection of photoelectrons utilizing a VMI spectrometer with an integrated gas injection system 19 allowed performing extensive, high quality experimental investigations of various molecular samples. More specifically, angle-resolved photoelectron kinetic energy distributions were recorded for CO 2 from the ionization threshold to a photon energy of approx. 40 eV in steps of 20 meV. Additional measurements with 2 meV steps in photon energy were performed in a region where resonant effects produce steep variations in the cross sections and angular distributions, which for CO 2 comprises roughly the region from 14.5 eV to the ionization threshold of the C-band, above 19 eV. We compare our results to the existing literature and provide new information on the evolution of electronic and vibrational branching ratios and asymmetry parameters. In particular in regions with auto-ionizing resonances, we observe strong contributions from FranckCondon forbidden transitions to the total ionization cross section.
II. EXPERIMENTAL PROCEDURE

A. Set-up
The experiments were performed at the U125-2-10m-NIM undulator beamline of the BESSY II synchrotron at HZB. This beamline delivers electromagnetic radiation in the energy range between 8 and 40 eV that is monochromatized using a 10 m normal incidence monochromator. More details on the beamline can be found in Refs. 20 and 21 The resolution of the monochromator was matched to the photon energy steps of the scans. After the monochromator, the horizontally polarized XUV beam was focused into the VMI spectrometer by a toroidal mirror. Before entering the interaction chamber, a knife edge was used to block scattered light originating from the optics of the beamline. If left unblocked, part of this scattered light impinges on the repeller electrode, leading to a strong background signal. The spot size at the focal point was estimated to be 100 × 100 μm 2 at 25 eV, weakly changing with the photon energy. The relative wavelengthdependent photon flux was measured using a calibrated photodiode, thereby accounting for the combined effect of the undulator, the monochromator, and the focussing optics. These data and the ring current of the synchrotron, which slowly vary over the course of longer measurements, were used to calibrate the electron yields.
The kinetic energy and angular distribution of photoelectrons resulting from photoionization of CO 2 were measured using a VMI spectrometer based on the early design of Eppink and Parker. 16 We used an advanced version with an integrated, continuous gas injection system, which has been described in detail in Ref. 19 . In this VMI, the gas enters the interaction region through a pinhole (12 μm diameter) in the repeller electrode, which is located very close to the interaction region and which has a conical shape to maintain, as much as possible, the optimal electrostatic fields for velocity mapping. This approach strongly enhances the gas density in the interaction region and correspondingly leads to much higher count rates than in traditional VMI designs utilizing a skimmed molecular beam. During the course of the experiment, the pressure in the VMI chamber was limited to 10 −6 mbar to avoid deterioration of the micro-channel plate detector at high voltage. Considering a pumping speed of 450 l/s, approximately 1.1 × 10 16 molecules/s could be introduced into the vacuum chamber. In order to avoid unwanted photoelectron emission from the repeller surface, the interaction with the synchrotron beam took place approximately 0.5 mm above the repeller plate and therefore leading to a reduction in gas density down to 1.2 × 10 14 molecules/cm 3 (assuming an effusive expansion characterized by a solid angle of 1 steradian, and a molecular velocity of 300 m/s). Using the fact that for 25 eV photons the CO 2 photoionization cross section is 3 × 10 −17 cm 2 (Ref. 22 ) and the photon flux of the beamline for a bandwidth of a few meV is in the order of 2 × 10 11 photons per second, a maximum of ∼5 × 10 7 photoelectron impacts/second on the detector is expected. Hence, images with very good statistics can be recorded in a matter of seconds, illustrating the potential of the setup. In practice, we worked at a lower count rate of approximately 5 × 10 4 counts per second to avoid unwanted saturation of the micro-channel plate detector. An example of the image quality obtained under such conditions is given in Figure 1 (a), which shows the two-dimensional (2D) projection of photoelectrons resulting from 17.91 eV photoionization of CO 2 .
B. Data evaluation
To retrieve the kinetic energy and angular distribution of the photoelectrons, the measured 2D images were transformed back into a three-dimensional (3D) velocity distribution through an Abel inversion. Since its direct evaluation is numerically challenging, a number of different methods have been developed over the years to do this. [23] [24] [25] In the present case, a variant of the method from Ref. 25 was used. In the inversion process, the recorded 2D images were transformed into polar coordinates and for each radius (which is proportional to the modulus of the velocity in the plane of the detector) the experimental angular distribution was fitted to an expansion of Legendre polynomials. Since single photon dipole transitions are studied, it is sufficient to use Legendre polynomials up to second order (P 2 ) in this fitting procedure. The Legendre polynomial expansion of the 3D momentum distribution was subsequently obtained by applying the inverse of a linear transformation that maps a given cylindrically symmetric 3D distribution onto a 2D plane. Figure 1 shows an example of an experimental image and a slice through the retrieved 3D momentum distribution. Due to the symmetry given by the polarization axis of the synchrotron light, the right and left halves of the experimental image contain the same information. Most of the results presented here were obtained by averaging over the results from each half.
The experimental kinetic energy resolution was determined by measuring peak widths in photoelectron spectra of Helium, measured at photon energies between 25 and 40 eV. The relative kinetic energy resolution E/E that can be achieved with a VMI spectrometer depends on the ratio between the smallest spot size that a single velocity can be focussed to and the maximum radius on the micro-channel plate detector where signals can be measured, and can approach v/v = 0.5 · E/E = 0.01. In practice, the resolution is optimized for a particular energy range. In the configuration utilized throughout the experiment, the resolution changed from E/E ≈ 0.09 at 0.4 eV kinetic energy to E/E ≈ 0.03 at 4.4 eV and E/E ≈ 0.04 at 15.4 eV. Illustrating the kinetic energy resolution of the measurements, the spin-orbit splitting of some vibrational levels (≈10 meV energy separation) could be resolved at low kinetic energies.
The calibration of the photoelectron kinetic energy (KE) was obtained by fitting the change in KE to the change in photon energy during a scan. A small correction offset had to be applied to the value of the photon energy to match the known ionization threshold values of different molecular samples. Figure 2 shows the evolution of the photoelectron spectra determined by angular integration of velocity map images measured for CO 2 from below 13 eV to 41 eV (in steps of 20 meV). Photoelectrons resulting from ionization of the neutral molecule, with electronic configuration (4σ g ) 2 (3σ u ) 2 (1π u ) 4 (1π g ) 4 , to one of the four lowest electronic states of CO 2 + can be clearly observed, namely: the X 19.394 eV respectively. 26 In the 15-19.4 eV photon energy range, strong resonances are present, which originate from auto-ionizing Rydberg states converging to the A, B, and C bands. The interaction of their vibrational states with the ionic ground and excited states gives rise to an interesting but complex structure which will be discussed further below. Above 19.4 eV photon energy, the photoelectron spectra simplify and the electron yield decreases smoothly towards higher excitation energies without any resonant features. Around 25 eV photon energy and onwards, a weak electron signal appears, with two clear contributions: one around 27-28 eV and another beginning around 32-33 eV. A similar signal has been observed in dipole (e,2e) and synchrotron experiments and was attributed to multi-electron transitions. 27, 28 The spectrum shown in Figure 2 is under-sampled in the region between the ionization threshold and 20 eV, where numerous sharp resonances are present. Therefore, a more detailed scan was performed with 2 meV steps in the region between 14.5 eV and 21.2 eV. These results are shown in panel in order to better appreciate the features present in each one of them. Additionally, each subfigure has an inset showing a cut through the retrieved 3D momentum distribution for selected photon energies, illustrating the wealth of information retrieved.
III. RESULTS AND DISCUSSION
A. Overview of the data
In Figure 3 (a), the vibrational structure of the CO 2 + X 2 g ground state is clearly visible. The dominant diagonal line with the highest kinetic energy corresponds to formation of the (000) vibrational ground state, which has the largest Franck-Condon overlap with the neutral ground state. The onset of the A 2 u band is indicated by a vertical green line and its vibrational progression can be followed in Figure 3 + bands are marked in Figure 3 (b) by green vertical lines. Most of the vibrational levels seen in our measurement have been observed and assigned in earlier high resolution photoelectron spectroscopy (PES) measurements with He-I lamps 4, 26, 29, 30 or in threshold photoelectron spectroscopy (TPES) and PES measurements at synchrotron sources. [5] [6] [7] In addition to the spectroscopic information on the vibrational structure of CO 2 + , the electron distributions measured with the VMI contain energy-resolved angular distributions and branching ratios between the different electronic and vibrational levels. In Sec. III B, this information will be presented and compared to data available in the literature.
B. Cross section, branching ratios, asymmetry parameters, and slow electrons Figure 4 shows the total ionization yield that was obtained by integration of the measured kinetic energy distributions for photon energies between 14.8 and 19.1 eV. The total ionization yield displays a complex structure of peaks and shoulders which originate from auto-ionizing resonances.
Total electron yields
Most of these resonances have been assigned in earlier studies. Thus, we will only give a brief overview of the different series which are observed, following the assignments given by Shaw et al. 8 In the photon energy range between 15.7 eV and 18.0 eV the total ionization yield is dominated by the Tanaka-Ogawa series and the Henning series, denoted in Figures 4(a)-4(c) by red and blue lines, respectively. The Tanaka-Ogawa series is a Rydberg series that arises from the excitation of an electron from the 1π u molecular orbital and hence converges to the A 2 u state. Each member of the Rydberg series exhibits a long vibrational progression v 1 = 0 up to 7. Each series consists of two components that converge onto the two spin-orbit split levels of the A state, which are separated by about 10 meV. In our experiments, the splitting of these levels can only be resolved at low kinetic energy electrons (<25 meV). The exact assignment of the Tanaka-Ogawa series is still under debate, but theoretical considerations point to a ndδ g configuration. 10 Because of these uncertainties the series has been labelled with a running number m instead of the principal quantum number n in Ref. pears which has been assigned tentatively to a Rydberg series converging to the A state with nd g symmetry. 31 The Henning series consists of both sharp and diffuse peaks which converge to the B 
Branching ratios between electronic bands
When the integration is restricted to the photoelectron kinetic energy range covered by a single electronic band, one can determine the partial ionization yield and calculate branching ratios. Figure 5 shows the branching ratios between the X, A, B, and C bands as a function of the photon energy, from the onset of the A band to 40 eV. Figure 5(a) shows the electronic branching ratios in the resonant region between the IE of the A band (at 17.314 eV) and 20 eV using the high resolution photon energy scan shown in Figure 3 . In this energy range, the A and the B bands, which are intrinsically mixed, could be distinguished, as long as the overlap of the highlying vibrational levels of the A band with the B band was ignored. A justification for this lies in the fact that the population of high vibrational levels of the A band lying above the threshold of the B band is much less intense than both the A band population below the B band threshold and the population of the B band itself. Thus, the error imposed by this procedure is negligible compared to the experimental uncertainties. Figure 5(b) shows that the contribution of the B band is much larger than that of the A band. Towards 20 eV the A/B ratio reaches 0.53.
The data shown in Figure 5 (b) were extracted from the low resolution photon energy scan (Figure 2 ) covering the range from 20 eV to 40 eV, i.e., above the region of strong resonances. In this case, the contributions from the A and the B band are shown together since at high electron kinetic energy it becomes increasingly difficult to separate their respective contributions due to the decreased resolution of our spectrometer. The figure also shows data from (e,2e) measurements by Brion and Tan (circles), 27 and synchrotron measurements by Gustafsson et al. 32 (triangles) for comparison. One clearly sees some discrepancies between our data and the literature values. Our data exhibit a fairly constant contribution from the A + B bands, and a decreasing contribution of the X band towards higher photon energy. On the other hand, Refs. 27 and 32 show a decreasing contribution of the A + B bands, while the X band has a flatter photon energy dependence. The resolution in the work by Brion and Tan 27 was 1.3 eV and a fitting procedure was needed to separate the different contributions. In the work by Gustaffson et al., 32 the kinetic energy resolution was 0.3 eV, but the extracted branching ratio values depend linearly on the value of the asymmetry parameter which was not determined, therefore adding an additional uncertainty to their data. The kinetic energy resolution in our data changes approximately from 0.27 eV at 20 eV to 0.52 eV at 40 eV, respectively, being comparable to that of Ref. 32 . Furthermore, since in a VMI measurement all electrons are accelerated to a uniform high impact energy, a bias in the detection probability of high/low kinetic energy electrons is not expected. The error bars for our measurement were estimated by varying slightly the energy intervals over which the integration of the different electronic bands was carried out and calculating differences between results from the four quadrants of our detector. Only contributions from the four valence bands were taken for the calculation, neglecting contributions to the total yield from multi-electron excitation.
Additionally, the results of 5(a) and 5(b) are quite consistent, making a comparison at 20 eV. The contribution of the A and B channels are the same in both measurements within experimental error. There is a mismatch however in the contribution of the X and C bands which could be due to a stronger background signal in the measurements of the low resolution scan, slightly affecting the results of the integration. However, the trend in the behaviour of the branching ratios is consistent in both scans and the reason for the disagreement with the previously published work remains unclear.
Branching ratios between vibrational levels and asymmetry parameters
Our high resolution scan allows determining the branching ratios and asymmetry parameters of the different vibrational levels within one electronic band. For the CO 2 + ground state, the most complete analysis was so far published by Parr et al., 33 whose results are also available online. 34 On the basis of our high resolution scan shown in Figure 3 , the branching ratio of the vibrational ground state (000) of the X 2 g band was retrieved following a similar fitting procedure as outlined in Refs. 33 and 34. Figure 6 (a) shows a comparison between the branching ratios resulting from our work and the work by Parr et al. The agreement between the two data sets is remarkably good. However, below 15 eV and above 18 eV, they clearly depart from each other. At high photon energies, the decrease in resolution causes an overlap in our VMI measurements between the contributions from different vibrational levels and reduces the reliability of our fitting procedure. The reason for the lower branching ratio observed below 15 eV with the VMI is somewhat unclear. Although the extraction voltages were not optimized for this particular kinetic energy range, the resolution of our instrument in that region is better than 65 meV, which is clearly sufficient to resolve the vibrational levels and comparable to that of Ref. 33 . In single photon ionization, the differential cross section in a plane containing the polarization axis is where θ denotes the angle between the polarization axis of the light and the outgoing electron, and σ is the partial photoionization cross section for a particular vibrational channel. In Figure 6 (b), the dependence of the asymmetry parameter β for the vibrational ground state (000) of the X band on the photon energy retrieved from our measurement is compared to the results from Refs. 33 and 34 The qualitative agreement between both measurements is remarkably good but there is an offset between the two curves that reaches a maximum beyond 18 eV. As a further test to validate our procedure, we measured the well-known anisotropy parameter for ionization of He atoms with 27.3 eV photons. The retrieved β value of 2.1 ± 0.1 shows that although in agreement with well-established values within experimental error, there is a small offset in the retrieved β value from our measurement. The disagreement may come from small distortions in our images originating from the electrostatic optics. For the A, B, and C electronically excited valence states of CO 2 + no detailed analysis of the vibrational branching ratios is available in the literature. Roy et al. 1 and Rathbone et al. 35 have studied the C 2 g + state in the energy range from 20 eV to 28 eV and 20 eV to 110 eV, respectively. From the VMI data presented in Figure 3 the vibrational branching ratios and the vibrationally resolved β-parameters can be determined for the strongest channels of the A, B, and C bands, respectively. Figure 7 shows the vibrational branching ratios (Figure 7(a) ) and the asymmetry parameters β (Figure 7(b) ) for the symmetric stretching mode (v 1 00) of the A 2 u state, which provide the strongest contribution to the electron yield, from the onset at 17.32 eV up to 21.2 eV. To separate the contributions from different vibrational states we have implemented a fitting procedure similar to the one employed to calculate the contribution of the ground vibrational level of the X state. 33, 34 Beyond the onset of the B-band at 18.077 eV, it is difficult to separate the contribution of the (500) state from that of the very strong B-state ground vibrational level. For photon energies over 18.3 eV approximately, it is not possible to resolve the peak corresponding to the (500) state any longer and as a consequence the results of our fitting for this state are not so reliable in that photon energy region. In Figure 7 , we have discriminated both regions by plotting with a solid and dotted line, respectively. Within our experimental accuracy, higher members of the (v 1 00) progression and vibrational levels with other symmetries have a negligible contribution to the ionization yield. The branching ratios show a strong resonant structure up to the onset of the B-state and there is still some rearrangement in the contributions below the onset of the C-state. Towards higher photon energies, the branching ratios stay essentially constant and agree relatively well with Franck-Condon factors determined by Takeshita et al. 36 The asymmetry parameters have been determined for the first five members of the symmetric stretching mode of the A-state. For photon energies larger than approximately 18.5 eV, the asymmetry parameter for all the levels increase monotonically. Additionally, for a fixed photon energy, the different vibrational levels spread over an interval of asymmetry parameter values of <0. 4 . This behaviour is qualitatively in good agreement with calculations performed by Swanson et al., 37 who attributed this monotonical increase with photon energy (up to 22.5 eV) and the vibrational state dependent spread to the presence of a π g shape resonance at 20 eV. However, their calculations predict that at fixed photon energy, the asymmetry parameter decreases monotonically with increasing vibrational level while our observations show that the asymmetry parameter of the (000) level lies in between those of the (200) and the (300). Additionally, the values predicted by Swanson et al. are on average 0.2 higher than our observations, which on the other hand, agree well within experimental accuracy to measurements performed by Grimm et al. 38 at selected photon energies, considering that our uncertainty interval in determining these values is on the order of 0.2.
When the ionization involves the excitation of superexcited or Rydberg states with a different symmetry of the electronic wave function vibronic interactions become strong. This can be seen in the region below the onset of the B-state and also around 19 eV where variations in the asymmetry parameters are visible, which are related to the resonances in the total electron yield shown in Figure 4(d) . The strong dip in the asymmetry parameter around 18.08 eV, the onset of the B state, is an artefact. Around this region, the very high signal level produced a degradation of the images that affects the calculation of the asymmetry parameter, especially for those states close in energy to the onset of the B band.
The evolution of the branching ratios and asymmetry parameters with photon energy shown in Figure 7 is of high relevance for the validation of theoretical approaches seeking to model the photoionization process at these photon energies. These complex models in turn are highly relevant for the interpretation of the outcome of experiments in attosecond molecular science. Figures 8 and 9 show the branching ratios and asymmetry parameters for selected vibrational levels of the B 2 u + and C 2 g + electronic bands, respectively. In these figures, we have included only the strongest vibrational levels, since these are the only ones we could identify unambiguously over the entire photon energy range covered. In both cases, the ground vibrational level is strongly dominant. The measured asymmetry parameter for (000) vibrational ground state of the C band shown in Figure 9 has a maximum value of 1.5 at 19.5 eV photon energy and decreases towards higher photon energies. This result is in good agreement with earlier measurements. 1, 35, 38 The β parameter for the (100) state lies below the one of the (000) state which is unexpected since outside resonant regions the levels (000) and (100) should behave similarly. The asymmetry parameter of the (001) state shows a different behaviour. At threshold, it starts with a value around zero and increases towards higher photon energies. The asymmetry parameter of the (001) state has been studied first by Roy et al., 1 who assigned it to the (101) combination band. Later, Rathbone et al. 35 reinvestigated the C-band and reassigned this particular vibrational state to the asymmetric stretching mode (001) supported by their own theoretical calculations and previous pulsed field ionization experiments. We follow their assignment and found that our values are qualitatively in good agreement with the experimental results obtained by Roy et al. 1 In principle, this state is dipole forbidden and it arises via mixing with the B 2 u + state. Therefore, one expects a similar angular distribution as for the B-state, as indeed can be seen by comparing Figures 8 and 9 .
The C-band provides the weakest contribution to the total yield, and since our measurements were not optimized for these particular states our data are rather noisy in that region. Moreover, by inspecting the branching ratios we observe that the contributions from the states (100) and (001) to the total yield are overestimated compared to Roy et al., 1 due to the fact that the signal sits on a pedestal that becomes relevant for these rather weak signals. This might explain why our determination of the asymmetry parameter for the (100) level is lower than expected, since the measured contribution of the state to the total yield enters in our calculation to determine the asymmetry parameter. On the other hand, the asymmetry parameters for the vibrational ground states of the B and C-bands as already mentioned earlier are in good agreement with the results reported previously in the photon energy range where a comparison is possible.
Slow photoelectrons spectrum
Photoelectron spectroscopy experiments typically employ a narrowband source with a photon energy high enough to induce ionization. The measured spectra then contain contributions from all accessible energy levels, which can be identified by analyzing the kinetic energy of the measured electrons. The resolution when using this approach is at best a few meV. In order to overcome this limitation, one can restrict the detection to electrons with zero (or a very small) kinetic energy (Threshold Photoelectron Spectroscopy or TPES). Electrons with zero kinetic energy can only be formed when the photon energy matches the energy of a particular ionic state, which therefore can be directly identified. 39, 40 However, the presence of auto-ionizing states yielding low kinetic energy electrons lowers the resolution and obscures the interpretation of the data. 41, 42 By applying a delayed pulsed field extraction and gating in the detection process, the discrimination against non-zero kinetic energy electrons andtherefore -the resolution can be improved significantly. This technique has been called Zero Kinetic Energy (ZEKE) photoelectron spectroscopy and has allowed studying molecular systems with rotational state resolution. 43, 44 It has later been understood that the delayed pulsed extraction field mostly ionizes long-lived high-n Rydberg states, 45, 46 which acquire a long lifetime due to a combination of l-and m-mixing interactions. [47] [48] [49] [50] [51] Recently a novel alternative to ZEKE and TPES has been introduced. 52, 53 The technique, called slow photoelectron spectroscopy (SPES), is based on channel resolved photoelectron spectroscopy with tunable sources and allows recovering, among other things, the contribution of states with weak Franck-Condon factors by integrating the contributions of slow electrons (typically less than a few tens of meV in kinetic energy) to a particular state. SPES can be studied from our VMI data for photon energies below the first dissociation limit at 19.071 eV. 54 Figure 10 shows the SPES spectrum retrieved from electrons with kinetic energy lower than 55 meV in the region between the onset of the A band and the onset of the B band. The spectrum shows a rich structure in which for instance, the spin-orbit splitting of the vibrational progression (v 1 00) of the A band can be resolved. The results can be compared to the pulsed field ionization high resolution data from Liu et al. 5 and the TPES studies of Frey et al., 55 and Baer and Guyon. is lower than in the pulsed field ionization results of Ref. Figure 10 follows the assignments presented there. When comparing our SPES results to the results of Ref. 5 , it is to be considered that the VMI measurements are performed in a dc extraction field of 116 V/cm. This lowers the ionization potential by an amount of E(cm −1 ) = 66 cm −1 or 8 meV, and makes all spectral features appear a few meV lower energy than in Ref. 5 . When considering the use of the VMI technique, we furthermore note the fact that VMI measurements always contain a small artefact at zero kinetic energy due to Coulomb focussing of the ejected photoelectrons by the ionic core left behind. 56, 57 These effects are significant for photoelectrons that are ejected with a kinetic energy <15-25 meV in our setup, and do not affect photoelectrons with higher kinetic energies. Therefore, we can be assured that all spectral features appearing in Figure 10 are due to low kinetic energy electrons and do not correspond to artefacts.
The results of Figure 10 show that our instrument can resolve the spin-orbit splitting of the symmetric stretching vibrations in the A band, which are separated approximately by 95 cm −1 (=11.8 meV). The other assignments in the figure correspond to mixed states, in which one quanta of the bending mode and one or more quanta of the symmetric stretching are excited. In one case, the transition comes from the neutral ground state of the molecule while in the progression of mixed states, the transition originates from a vibrationally excited state of the neutral with one quanta of the bending mode. The observation of hot bands is due to the fact that our molecular sample was at room temperature, since at 300 K the Boltzmann factor for the (010) mode is 4%.
C. Evolution of a strong forbidden transition
The rich structure of peaks observed in Figure 10 shows that in the vicinity of auto-ionizing resonances, the population of vibronic states is not given by Franck-Condon factors. In this section, we will elaborate on this, and will discuss a remarkable observation connected to the formation of the (410) vibrational level of the A-state.
As seen in Figure 3(b) , the photoelectron spectrum of the A band is characterized by a marked predominance of vibrational levels corresponding to different quanta of excitation of the symmetric stretching mode (v 1 00), since these transitions are characterized by strong Franck-Condon factors. However, in the vicinity of auto-ionizing resonances, additional vibrational levels become visible at low kinetic energies, as discussed in Sec. III B. In particular, it is possible to identify the κ 2 − (v 1 10) series (v 1 = 1-4). Our attention will be focused on the strongest peak of the series that is visible in Figure 10 , the one at 17.942 eV, in the vicinity of the onset of the B band. This peak has been observed in several threshold photoelectron studies over the years.
In the very first studies by Batten et al., 6 and Frey et al., 55 the assignment remained unclear. Figure 11 presents a contour plot showing the photoelectron spectra in the photon energy region below the onset of the B band, where the (410) κ 2 − appears. It is possible to observe that this state is not only present at very low kinetic energies, but instead, its contribution to the total yield is non-negligible up to the onset of the B band, where it seems to disappear suddenly.
To further inspect the behaviour of the (410) κ 2 − state and compare it to the (v 1 00) progression, partial electron yields were calculated by integrating along the black lines indicated in Figure 11 with E kin = 1 meV. The result is shown in Figure 12 together with the total electron yield in the interesting photon energy range between 17.88 eV to 18.15 eV. When comparing the partial electron yield (Figure 12(b) ) originating from the symmetric stretching mode (v 1 00), v 1 = 0-2, with the one from the (410) mode one notices that the resonant peaks that give rise to an enhancement of the (v 1 00), v 1 = 0-2 formation (blue vertical lines in Figure 12 (a)) are distinct from the resonant peaks that lead to formation of the (410) state (red vertical lines in Figure 12(a) ). As inspection of Figure 4 (c) shows, the enhancement in the partial electron yields belong to the Henning diffuse and sharp series. In particular, the peaks in the yield of the (410) state belong to the Henning sharp series, which only show up weakly in the yields of the (v 1 00) progression.
As already stated in Sec. III B 1, the Henning series have been assigned to a Rydberg series converging to the B excited to an nsσ g orbital, while in the sharp series the 3σ u electron is promoted to ndσ g 1 u + Rydberg states. The onset of the (410) state at 17.942 eV coincides with the n = 10 level of the Henning sharp series. Therefore, it can be safely assumed, that the peaks in the partial electron yield of the (410) state at higher photon energies are induced by the Henning series with n > 10.
In theoretical calculations, Praet et al. 58 found that the geometry of the B-state is slightly bent with an angle of about 170
• . This bent structure probably also prevails for Rydberg series converging to the B-band. Thus, the excitation of the bending mode is facilitated by the intermediate ndσ g (410) state is further supported by measurements of the anisotropy parameter, which are very similar for all (v 1 00) states, but distinct for the contribution corresponding to the (410) state. This is shown in Figure 13 , where the evolution of the asymmetry parameter shows that the (410) state oscillates out of phase with the respect to the asymmetry parameters of (v 1 00) progression. In conclusion, the results shown in this section indicate that the presence of strong autoionizing resonances, such as the Henning series, significantly affects the distribution of vibrational populations of the ion. A similar analysis has been done before by Parr et al., 59 and West et al., 10 concentrating on the ionic ground state. In particular, Parr et al. followed the behaviour of branching ratios and asymmetry parameters of vibrational states of the X band around three resonances. Interestingly they also found that an 
IV. CONCLUSIONS
In this work, we have presented an overview of valence band photoionization of CO 2 as measured using synchrotron radiation and a VMI spectrometer. The combination of a continuous source of tunable photon energy in the VUV and XUV region of the electromagnetic spectrum and a VMI with an integrated gas injection system made it possible to acquire a vast amount of data in a relatively short time, recording simultaneously kinetic energy and angular distributions.
From the collected data it has been possible to retrieve the total photoelectron yield as a function of photon energy and to observe a large number of auto-ionizing resonances. The collected data have also allowed retrieving electronic and vibrational branching ratios, as well as the vibrationally resolved photoelectron angular distributions as a function of photon energy. Additionally the analysis of the low energy electrons in our data shows a rich structure close to resonant regions, as well as the presence of hot bands and forbidden transitions. In particular, we have shown for the first time the evolution of the state (410) κ 2 − belonging to the A electronic band, which was a source of rich debate in the literature. Our data clearly confirm the explanation that the strength of the state at threshold is due to the presence of a resonance, and that in off-resonance regions the weak Franck-Condon factors make the contribution of this state almost negligible.
In the context of the growing field of attosecond molecular science, the results shown here demonstrate that the analysis and interpretation of experimental results from pumpprobe experiments should not fail to include the effects of auto-ionizing states when the photon energy of the ionizing source falls in the resonant region. Any analysis of this kind will necessarily call for a renewed effort to model the photoionization process in molecular systems, including the interaction between nuclear and electronic degrees of freedom and resonant intermediate processes. The experimental results presented here and in the references may serve as a tool to validate those theoretical models.
